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BioreductionThe stimulation of microbial U(VI) reduction to precipitate insoluble U(IV) has been proposed as a means of
remediating mobile uranium groundwater contamination. Crucial to the success of such a remediation strategy
is determining the longevity of U(IV) biominerals in the subsurface, particularly if the groundwater becomes
oxidising. Here we describe experiments to assess the susceptibility of microbially-reduced U(IV) to oxidative
remobilisation both via aeration and by the addition of nitrate at environmentally-relevant conditions. Additional
factors examined include the possibility of biogenicU(IV) becomingmore crystalline (andpotentiallymore recal-
citrant) during a period of ageing, and the role played by residual electron donor in controlling the long-term fate
of the uranium. Biogenic U(IV) was precipitated as a non-crystalline U(IV) or “monomeric” phase, with a small
but increasing contribution to the EXAFS spectra from nanocrystalline uraninite occurring during 15 months of
ageing. Despite this, no evidence was observed for an increase in recalcitrance to oxidative remobilisation. How-
ever, the presence of residual electron donor post-biostimulation was shown to exert a strong control on U(IV)
reoxidation kinetics, highlighting the importance ofmaintaining thepresence of electron donor in the subsurface,
in order to protect biogenic U(IV) from oxidative remobilisation.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Uranium(VI) bioreduction has been studied intensively for nearly
25 years as a means for remediating uranium contaminated groundwa-
ter in situ. Indigenous anaerobic metal-reducing bacterial communities
are stimulated to reduce aqueous U(VI) to sparingly soluble U(IV) via
the addition of a suitable electron donor (Lovley et al., 1991). However,
potential challenges with applying U(VI) bioreduction as an effective
long-term in situ remediation technique stem from whether reduced
U(IV) will be stable over long time periods, particularly if the environ-
mental conditions change, for example, they become oxidising. Reoxi-
dation processes are complex and U(IV) is known to be reoxidised by
oxygen, nitrate (via denitriﬁcation intermediates), Fe(III) minerals,
Mn(IV) oxides, organic ligands and bicarbonate (Fredrickson et al.,
2002; Luo and Gu, 2011; Sani et al., 2005; Senko et al., 2002; Spycher
et al., 2011; Wan et al., 2005, 2008; Wang et al., 2013; Wu et al.,
2006). Of these, themost relevant for contaminated subsurface environ-
ments at nuclear sites are oxygen (for example via ingress of oxygenat-
ed groundwater or through water table ﬂuctuations) and nitrate (most.ac.uk (L. Newsome).
. This is an open access article undersigniﬁcantly from process efﬂuents at a nuclear reprocessing site, how-
ever this will vary depending on site-speciﬁc conditions).
Microbially reduced U(IV) appears to be relatively sensitive to reox-
idation via exposure to oxygen in laboratory studies, although rates of
reoxidation are variable and can depend on how the experiments are
conducted (Newsome et al., 2014a). Both the rate and extent of U(IV)
reoxidation are greatest when bioreduced U(IV) is exposed to oxygen
in well mixed batch experiments (Begg et al., 2011; Law et al., 2011).
Results from column studies tend to show slower rates of U(IV) reoxida-
tion (Komlos et al., 2008; Moon et al., 2007), in line with limited O2 dif-
fusion compared with well mixed batch experiments. Indeed, one
column study found that negligible U(IV) reoxidation occurred; this
was suggested to be due to the presence of residual electron donor
allowing for oxygen consumption, and/or heterogeneities within the
column sediment limiting dissolved oxygen dispersion in the sedi-
ments (Sharp et al., 2011). The ability of oxygen to diffuse to themin-
eral surface was also implicated in slow rates of reoxidation after
emplacement of U(IV) biominerals into monitoring wells to allow
exposure to naturally oxidising groundwaters (Campbell et al.,
2011). Oxidative remobilisation was further limited when non-
metabolising biomass was included with the U(IV) biominerals,
therefore it was proposed that the biomass association offered
some protection to biogenic U(IV) from oxidation (Campbell et al.,
2011). Additional factors may affect U(IV) reoxidation, for example,the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Microcosm sediment sample details.
Days aged 12 ppm U(VI) 50 ppm U(VI) Experiments
21 °C 10 °C
Nonea 0 0 Reoxidation & XAS
1 week 7 – Reoxidation & microbiology
1 month 35 – Reoxidation
4 months 121 110 Reoxidation & XAS & microbiology
15 monthsb – 445 XAS
18 monthsb 525 – Reoxidation (nitrate only)
a End of bioreduction, the point atwhich near complete U(VI) removal observed (96 days
for 12 ppm and 134 days for 50 ppm experiments).
b Sampleswere analysed after 15 or 18months of ageing due to beam-time availability.
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“redox buffering” effect as it is preferentially oxidised before U(IV)
(Bi and Hayes, 2014; Moon et al., 2009).
Nitrate does not cause oxidation of U(IV) directly, instead nitrate-
reducing bacteria are required to generate denitriﬁcation intermedi-
ates such as nitrite, nitrous oxide and nitric oxide, and these inter-
mediates can then oxidise U(IV) (Senko et al., 2002; Wilkins et al.,
2007). In nitrate reoxidation systems, it appears that a combination
of biogenic nitrite and biogenic or abiogenic Fe(III) is most effective
in oxidising U(IV). Here Fe(II) can be oxidised via nitrite or enzymat-
ically (coupled to nitrate reduction), generating Fe(III), which can
then oxidise U(IV) (Senko et al., 2005a). The concentration of nitrate
is said to control the extent of U(IV) oxidation, but not the rate at
which it occurs (Senko et al., 2005b). However, results from labora-
tory studies can vary considerably, from minimal to near-complete
U(IV) reoxidation, although direct comparison is difﬁcult due to dif-
ferences in the methodologies used (Law et al., 2011; Moon et al.,
2007; Wilkins et al., 2007).
The mineralogical form of U(IV) has been suggested to inﬂuence its
sensitivity to reoxidation. Microbially-reduced U(IV) is often reported
to be in the form of nanoparticulate uraninite (Burgos et al., 2008;
Jiang et al., 2011; Lovley and Phillips, 1992; Suzuki et al., 2002), al-
though recently, reports of a non-crystalline disordered U(IV) phase
commonly termed monomeric U(IV) have emerged (Bernier-Latmani
et al., 2010; Boyanov et al., 2011; Cologgi et al., 2011; Fletcher et al.,
2010; Kelly et al., 2009; Sharp et al., 2011). This non-crystalline U(IV)
is usually reported as being coordinated with carboxyl or phosphate li-
gands, and/or associated with biomass. The presence of phosphate has
been reported to inhibit the formation of uraninite and favour mono-
meric U(IV) precipitation (Boyanov et al., 2011; Rui et al., 2013); silicate
and sulphate have also been shown to favour the formation of mono-
meric U(IV), while calcium, magnesium and ionic strength do not
seem to exert a signiﬁcant effect (Stylo et al., 2013). Mineral surfaces
may also play a role in complexing non-crystalline U(IV) through
adsorption at low surface loadings (Latta et al., 2014).
Studies suggest that uraninite may be less sensitive to reoxidation
compared with monomeric U(IV), due to its crystalline structure and
tendency to form aggregates of biogenic nanoparticles, particularly
when formed by slower rates of U(VI) reduction (Anderson et al.,
2003; Senko et al., 2007). Calculations predicting the solubility of bio-
genic UO2 compared with crystalline uraninite estimated that the bio-
genic form may be 109 times more soluble (Senko et al., 2002; Ulrich
et al., 2008). A laboratory study comparing the reactivity of non-
crystalline U(IV) to chemogenic and biogenic uraninite, found that
non-crystalline U(IV) and biogenic uraninite were equally susceptible
to oxidation, whereas chemogenic uraninite was more recalcitrant,
perhaps due to its larger particle size (Cerrato et al., 2013). Another
experiment comparing the dissolution of chemogenic and biogenic
nano-uraninite found that in the absence of carbonate, the rates of dis-
solution were comparable once normalised for surface area (Ulrich
et al., 2008).
Clearly work remains to be done to characterise the products of mi-
crobial reduction of U(VI), as well as the stability of these products to
oxidative remobilisation. This paper explores the speciation and bond-
ing of microbially-reduced U(IV) in a gravelly sand sediment sample
representative of the subsurface at the Sellaﬁeld nuclear facility after
different periods of ageing. To assess the recalcitrance of microbially-
reduced U(IV) to oxidative remobilisation, sediments were oxidised
via exposure to oxygen or nitrate. Monitoring of the geochemistry and
molecular ecology of the nitrate reoxidation systems revealed that the
presence of residual electron donor played a key role in buffering bio-
genic U(IV) from reoxidation. Analysis of uranium speciation and bond-
ing using X-ray absorption spectroscopy in both fresh and aged
sediments found evidence for an increase in the crystallinity of biogenic
U(IV) with ageing, however, despite this the U remained similarly
susceptible to oxidative remobilisation.2. Materials & methods
2.1. Microbially-reduced sediment
A gravelly sand sediment was obtained from the Sellaﬁeld site asso-
ciated with a site sampling campaign in 2012 (characterised as “RB27”
in Newsome et al., 2014b). The sediment was stored in the dark at
4 °C in a sealed plastic bag for twomonths before use in sedimentmicro-
cosms. Large gravel clasts (N10 mm) were removed from the sediment
by hand before addition to glass serum bottles with a 1:10 ratio of sed-
iment to artiﬁcial groundwater. The artiﬁcial groundwater was selected
to represent groundwater conditions at the Sellaﬁeld site and com-
prised the following in g/l: KCl, 0.007; MgSO4·7H2O, 0.098;
MgCl2·6H2O, 0.081; CaCO3, 0.167; NaNO3, 0.028; NaCl, 0.009; NaHCO3,
0.242, degassed with an 80:20 N2:CO2 mix, sterilised by autoclaving,
and at pH 7.4 (Wilkins et al., 2007). The artiﬁcial groundwater was sup-
plemented with 5 mM acetate and 5 mM lactate electron donors. U(VI)
as uranyl chloride (4.2 mM in 0.001 M HCl) was added to give a ﬁnal
concentration of 12 ppm, representative of themaximumconcentration
reported from the Sellaﬁeld groundwater monitoring programme
(McKenzie et al., 2011). The bottleswere crimp sealedwith butyl rubber
stoppers and the headspace was sparged with N2. Controls with no
added electron donor were also prepared. Periodically, aliquots of sedi-
ment slurry were removed under anaerobic and aseptic conditions to
monitor changes in geochemistry and microbial community composi-
tion. Microcosms were maintained in dark conditions at 10 °C, and
over extended periods to determine the impact of ageing on U(IV) spe-
ciation. Samples were aged for approximately 1 week, 1 month,
4 months or 18 months (Table 1).
2.2. Reoxidation experiments
Model reoxidation experimentswhich represented endmember ox-
idation conditionswere performed at selected time points to determine
the sensitivity of microbially-reduced U(IV) to oxidative remobilisation.
Reoxidation experiments with air were started when almost all the
added U(VI) had been removed from solution at the end point of the
bioreduction experiments (Day 96). Microbially-reduced sediment
was placed into conical ﬂasks with a ratio of 3:1 headspace to sediment
slurry, stoppered with a porous sponge plug and covered with alumin-
ium foil. Periodically the stopperwas removed and theﬂaskswere gent-
ly agitated to allow oxygen ingress to ensure that the reoxidation
process was not oxygen-limited. In addition, samples of microbially-
reduced sediments were exposed to oxygen after ageing for 1 week,
1 month and four months after the reoxidation starting point to assess
the impact of ageing on the stability of microbially reduced U(IV) to
oxidative remobilisation.
For nitrate reoxidation, 3mMnitratewas added to the sedimentmi-
crocosms to represent the maximum reported nitrate concentration in
Sellaﬁeld groundwater (McKenzie et al., 2011), and the bottles were pe-
riodically agitated throughout the course of the experiment. Where
3 mM nitrate did not cause substantial reoxidation of U(IV) after
127L. Newsome et al. / Chemical Geology 409 (2015) 125–13535 days, 30 mM nitrate was then added again with periodic agitation.
Geochemical monitoring was performed throughout oxidation. Again,
the nitrate reoxidation experiments were repeated on sediments that
had been aged for 1 week, 1 month, 4 months and 18 months
(Table 1). To conﬁrm that nitrate-induced U(IV) reoxidation was a
biologically-mediated processes, an additional sediment microcosm
was aged for 18 months and sterilised by autoclaving (20 min at
126 °C and 2 bar), prior to the addition of ﬁlter-sterilised 3 mM nitrate.
Geochemical monitoring on this bottle was performed at selected time
points to minimise introduction of microbial contamination during
sampling.
2.3. Geochemical monitoring
An aliquot of sediment slurry was added to 0.5 N HCl or 0.5 N hy-
droxylamine hydrochloride in 0.5 N HCl to quantify acid extractable
Fe(II) as a ratio of “total bioavailable Fe” (Lovley and Phillips, 1987).
The supernatant was separated from the slurry by centrifugation at
16,200g for 5 min and monitored for nitrite (Harris and Mortimer,
2002) and U(VI) (Johnson and Florence, 1971), and pH and Eh were
measured using calibrated electrodes. Major anions and volatile fatty
acids (VFAs) were analysed using ion chromatography (Dionex ICS
5000). Gas samples were collected for methane analysis by removal of
10 ml of microcosm headspace by needle and syringe, then injection
into an argon ﬁlled vial. Samples were analysed using gas chromatogra-
phy with a thermal conductivity detector (GC-TCD, Agilent 7890A) and
provide a conservative estimate of methane in the systems. Ammonium
in the supernatantwas quantiﬁed usingNessler's reagent (ASTM, 2008).
2.4. Microbial community analysis
DNAwas extracted from samples at two different time points within
the nitrate reoxidation system to explore the microbial community re-
sponsible for U(IV) oxidation in the presence or absence of electron
donor (Table 2). The 1 week aged soils were sampled 2 and 49 days
after the initial addition of 3 mM nitrate, and the 4 month aged soils
were sampled 4 and 15 days after nitrate addition. The microbial com-
munity structure within these samples was then investigated using a
pyrosequencingmethodology. DNAwas extracted from sediment slurry
using a PowerSoil DNA Isolation Kit (MO BIO Laboratories INC, Carlsbad,
CA, USA), the 16S–23S rRNA intergenic spacer region from the bacterial
RNA operon was ampliﬁed using primers ITSF and ITSReub (Cardinale
et al., 2004), then the ampliﬁed PCRproductswere separated by electro-
phoresis in a Tris-acetate-EDTA gel. PCR ampliﬁcation, cleaning up and
quantiﬁcation of PCR products, sequencing of the 16S rRNA gene
(Roche 454 Life Sciences GS Junior system) and pyrosequencing data
processing steps were performed as described previously (Newsome
et al., 2014b).Table 2
Selection of samples for molecular ecology characterisation.
Sample Days after 3 mM
nitrate added
Description
Aged 1 week 2 Active U(IV) oxidation coupled to reduction
of 3 mM nitrate in the presence of organic
electron donor.
49 Additional 30 mM nitrate added at Day 34.
Complete U(IV) oxidation, partial Fe(II)
oxidation. Complete consumption of organic
electron donor, 25 mM residual nitrate.
Aged 4 months 4 Active U(IV) and Fe(II) oxidation coupled to
reduction of 3 mM nitrate. No residual
electron donor.
15 Complete U(IV) oxidation and Fe(II)
oxidation, slow reduction of 3 mM nitrate
occurring.2.5. X-ray absorption spectroscopy (XAS)
To investigate the speciation of uraniumover time, additionalmicro-
cosmswere set up as above, butwith a sediment: artiﬁcial groundwater
ratio of 1:15 and containing 50 ppm U(VI) to allow analysis via X-ray
absorption spectroscopy (XAS). Wet chemical extractions were also
performed on these sediments following the method of Alessi et al.
(2012). For XAS, samples ofmicrobially-reduced sedimentswere frozen
and stored anaerobically at−80 °C after 134 days of incubation, and
after a further 4 months and 15 months of ageing (Table 1). XAS was
performed at the DIAMOND Lightsource, Harwell, UK on Beamline
B18. U LIII-edge spectra were collected in ﬂuorescence mode using a 9
element Ge detector (Dent et al., 2009) with samples loaded in the
LN2 cryostat and with an yttrium foil used as in-line reference standard.
X-ray absorption near edge structure (XANES) data were calibrated,
background subtracted and normalised using ATHENA (Ravel and
Newville, 2005). Linear combination ﬁtting was performed on XANES
spectra by comparison to data from the Actinide Reference Database
for Spectroscopy (Rossberg et al., 2014) for U(IV) as uraninite (Opel
et al., 2007) and U(VI) as a uranyl carbonate complex (Rossberg et al.,
2009). Extended X-ray absorption ﬁne structure (EXAFS) spectra were
ﬁtted using ARTEMIS (Ravel and Newville, 2005); shells were included
in the ﬁnal ﬁt if they made a statistically signiﬁcant change (i.e. im-
proved the ﬁt with at least 1 sigma conﬁdence) to the model
(Downward et al., 2007), and if they made the model more physically
realistic by, for example, improving the Debye–Waller factor.
3. Results and discussion
3.1. Microbial reduction of uranium
Microbial-reduction of U(VI) was stimulated by the addition of an
acetate and lactate electron donor mix to sediment microcosms. Geo-
chemical results demonstrated the near-complete removal of U(VI)
and conversion of bioavailable Fe(III) to Fe(II) after 96 days in the
12 ppm U experiments and 134 days in the 50 ppm U experiments
(Fig. S1). In both experiments the Eh decreased to around −110 mV
after 96 or 134 days (data not shown), while in the controls with no
added electron donor it remained at around +140 mV. Geochemical
measurements for Fe and U, and Eh measurements conﬁrmed that re-
ducing conditionsweremaintained in the electron donor amended sys-
tems during the subsequent period of ageing up to approximately
18 months.
Each XAS sample contained 0.75 mg U per g sediment. XANES spec-
tra for the Day 134 sample, and the samples that were aged for an addi-
tional four and 15 months had a very similar shape and edge position
when comparedwith the U(IV) standard (Fig. 1). This conﬁrmed essen-
tially complete reduction to U(IV) and associated scavenging to
sediments.
3.2. Oxygen reoxidation experiments
To assess the susceptibility ofmicrobially-reducedU(IV) to oxidative
remobilisation with air, sediment suspensions were added to conical
ﬂasks and aerated by gentle shaking. Under these conditions, complete
remobilisation of microbially-reduced U(IV) and oxidation of Fe(II) oc-
curred within approximately 30 days (Fig. 2). Similar rates of U(IV)
and Fe(II) reoxidation were observed in the Day 96 sample and the
one week, one month and four month aged samples (Fig. 2). Transient
ﬂuctuations in the extent of U(IV) reoxidation occurred seven days
after the start of both the Day 96 and the 1 week aged sample reoxida-
tion experiments, leading to slightly slower reoxidation rates for these
samples, but by Day 28 the amount of U(IV) reoxidation was broadly
equivalent for all samples. One of the three 15 month aged samples
was also reoxidised by addition to a conical ﬂask and aerated by shaking
and monitored after 35 and 86 days; the reoxidation rate was
Fig. 1.UraniumLIII-edge XANES spectra for uraniumamended sediments after ageing, and
U(IV) uraninite andU(VI) uranyl carbonate reference standards. The edgeposition and the
shape of the spectra indicate that U is present as U(IV) on reduction.
Fig. 2. Reoxidation of U(IV) and Fe(II) following addition of microbially-reduced sediment
to a conical ﬂask and aeration by gentle shaking (12 ppm added U(VI) experiments). Each
sample behaved similarly with no signiﬁcant change in the reoxidation rate of U(IV)
during ageing. Each point represents the average of three replicates with error bars ± 1
standard deviation.
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reoxidised by 90 days and around 30% of Fe present as Fe(II). As the
rates of U(IV) and Fe(II) reoxidation were similar for the samples
oxidised immediately after bioreduction and also after 1 week,
1 month, 4 months and 15 months of ageing, this suggests that their
susceptibility to oxidative remobilisation did not change signiﬁcantly
with up to 15 months of ageing.
In this study, reoxidation rates were slower than the results of other
batch reoxidation experiments (Law et al., 2011), likely due to the lower
air:sediment ratio used (3:1 compared with 10:1), while they were
more similar to some previous results from ﬂow-through columns
(Moon et al., 2007) but also relatively rapid compared with others
(Sharp et al., 2011). Direct comparison of reoxidation rates between
studies is difﬁcult, as thesewill be affected not only by the experimental
setup chosen which will generate different oxygen exposure environ-
ments, but also by factors such as sediment particle size, and Fe and
Mn concentrations. Our results showed that reoxidation of U(IV)
began almost immediately after emplacement into the conical ﬂasks;
no evidence was observed of a protective effect from the presence of
FeS that has been identiﬁed by other researchers (Bi and Hayes, 2014;
Moon et al., 2007, 2009). This may be due to the lower concentrations
of sulphate in Sellaﬁeld artiﬁcial groundwater (0.4 mM) compared
with experiments where high concentrations of sulphate (6 mM)
were added to generate large quantities of FeS in the reduced sediment
(Moon et al., 2009), or where synthetic mackinawite (FeS) was added
directly (Bi and Hayes, 2014). In addition, our experiments were de-
signed as “end member” systems and created highly oxidising condi-
tions which are in contrast to ﬂow-through column experiments
where oxygen distribution was limited by dissolution into water, trans-
port through the column sediment with a much higher sediment to
water ratio, and “pore water channelling” (Moon et al., 2007, 2009).
3.3. Nitrate reoxidation experiments
The susceptibility ofmicrobially-reducedU(IV) tonitrate-mediatedox-
idative remobilisation was assessed under a range of environmentally-
relevant concentrations. A sterile control conﬁrmed that nitrate reduction
was microbially mediated in these experiments (Fig. 3), as expected
from past work (Wilkins et al., 2007). In the 12 ppmU experiments, ap-
proximately two-thirds (8 ppm) of the U(IV)was remobilised to a solu-
tion after exposure to nitrate in all of the microbially active samples
regardless of their age. Interestingly, approximately one third of the
U(IV) (4 ppm) was recalcitrant to nitrate-induced remobilisation
(Fig. 3), but it is unclear whether this recalcitrant uranium fraction
remained present as U(IV) or if it was oxidised U(VI) associated with
the solid phase.
The rate and extent of U(IV) remobilisation and Fe(II) oxidation are
similar for the Day 96 (not aged) sample and the samples that were
then aged for an additional 1 week and 1 month (Fig. 3), therefore
these results are discussed together here as shorter-aged samples. An ini-
tial addition of 3mMnitrate caused around 3ppmU(VI) to be transiently
remobilised to solution, but did not result in a signiﬁcant change in 0.5 N
HCl extractable Fe(II). Ion chromatography revealed that the added ni-
trate was completely removed from solution after approximately seven
days, most likely via microbial nitrate reduction (Figs. 4 and S2). In
these systems, no accumulation of nitrite was observed suggesting that
full denitriﬁcation was occurring. Nearly all of the 3 ppm of remobilised
U(VI) had again been removed from solution after 42 days (Day 96 sam-
ple), 35 days (1week aged), and36days (1month aged), presumably via
microbial reduction. At these points, an additional 30 mM nitrate spike
was added, this caused remobilisation of ~8 ppm U(VI) in all three sam-
ples, and measurable oxidation of 0.5 N HCl extractable Fe(II) to Fe(III)
(Fig. 4).
Results for the samples aged for relatively extended time periods of
four and 18months were similar to each other, but considerably differ-
ent to the shorter-aged samples (Fig. 3). In these longer-aged samples,
Fig. 3. Reoxidation of U(IV) and Fe(II) following addition of 3 mM nitrate (all 12 ppm
added U(VI) experiments) and an additional 30 mM nitrate for the Day 96, 1 week aged
and 1 month aged samples. The Day 96, 1 week and 1 month aged samples behaved sim-
ilarly, but were different to the 4 month and 18 month aged samples; likely due to the
buffering effect of residual electron donor in the shorter-aged samples. The arrow indi-
cates the addition of 30 mM nitrate to the shorter-aged samples after 42 days (Day 96
sample), 35 days (1 week aged sample) and 36 days (1 month aged sample). Each point
represents the average of three replicates with error bars ± 1 standard deviation.
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and all the 0.5 N HCl extractable Fe(II) was oxidised to Fe(III); conse-
quently no further additions of nitrate were made. Ion chromatography
results conﬁrmed that 90 days after nitrate addition, 0.5–1.25 mM ni-
trate still remained in the solution, and 0.5–1.5 mM nitrite was also
present (Figs. 4, S2). This suggested that there was limited reduction
of nitrate and nitrite by the sediment microorganisms, presumably
due to electron donor limitation at this point (see below).
3.4. Energy balance assessment
We hypothesised that these differences in nitrate-induced
remobilisation kinetics might be due to the presence or absence of re-
sidual electron donor. In particular, the initial remobilisation and subse-
quent removal of U(VI) in the shorter-aged samples after the addition of
3mMnitrate suggested that therewas sufﬁcient residual electron donor
for full nitrate reduction (leading to partial U remobilisation, presum-
ably via oxidation with denitriﬁcation intermediates and/or Fe(III)),
and then to support further reduction of additional electron acceptors
including the remobilised U(VI). Analysis for volatile fatty acids (VFAs)
as a proxy for electron donors in the experiment detected the presence
of acetate, lactate and propionate in the solution phase. Further analyses
conﬁrmed that residual electron donor (as VFAs) was present in the
shorter-aged samples while almost all VFAs had been consumed in
the longer-aged samples (Fig. 5).
A considerable amount of electron donor was still present after
96 days of stimulated anaerobic microbial processes (Fig. 5). Electron
balance calculations were therefore performed to indicate whichelectron acceptors were being used to oxidise the electron donor. Elec-
tron equivalents (eeq/mol) for complete mineralisation of the relevant
VFAs were obtained from McCarty (2007) and standard half equations
were used to derive electron equivalents for nitrate, iron(III), U(VI)
and sulphate reduction (Table 3). Microcosms containing 10 g of sedi-
ment in artiﬁcial groundwater, spikedwith 12ppmU(VI)were calculat-
ed to contain 0.008 eeq/l of electron acceptor, based on measured
concentrations of nitrate, bioavailable iron(III), U(VI) and sulphate.
Manganese was not included in this calculation as it is a trace compo-
nent in this sediment (Newsome et al., 2014b). Electron donor addition
of 5mMacetate and 5mM lactate provided a ten-fold excess of electron
donor equivalents compared with electron acceptors in this system
(0.081 eeq/l). After 96 days incubation, lactate was fully consumed
and approximately 70% of the electrons from the original acetate/lactate
addition were present in the solution as acetate and propionate (Fig. 5).
This is an excess consumption of electron donor comparedwith the 10%
predicted from the 0.008 eeq/l of electron acceptor assuming reduction
of the nitrate, Fe(III), U(VI) and sulphate in the system. By contrast, after
fourmonths of ageing, negligible electron donor remained in the system
with acetate, lactate and propionate all below the limit of detection
(Fig. 5).
Given that the reduction of nitrate, iron(III), U(VI) and sulphate only
accounted for 10% of the electrons available from the added donor, ad-
ditional electron accepting processes must be present to account for
the complete consumption of electron donor. Methanogenesis was con-
sidered to be a likely candidate. Production of methane has previously
been calculated to account for consumption of most of the available
electrons during U(VI)-reduction microcosm experiments (Zhang
et al., 2010). In this current study, signiﬁcant positive gas pressures
were observed and gas chromatographic analyses of two samples con-
ﬁrmed that methane was present at potentially quite high concentra-
tions in the microcosm headspace, with values of 10–16% CH4
measured conservatively using GC-TCD. Trace quantities of ammonium
(~50 μM) were detected in the aqueous phase towards the end of the
experiment, signifying that some electrons had been consumed by the
production of ammonium. However, the measurements of methane to-
gether with the larger theoretical electron demand of methanogenesis
(8 eeq/mol and up to 20mMCO2 produced during oxidation of the elec-
tron donor compared with 3 eeq/mol from 0.15 mM N2 produced from
dissimilatory nitrate reduction) suggested thatmethanogenesiswas the
dominant electron accepting process at the latter stages of these
experiments.
The consumption of electron donor during nitrate reoxidation was
also monitored by VFA analysis. The initial addition of 3 mM nitrate
caused around 1.2 mM of propionate and 1.3 mM acetate to be con-
sumed in Day 96 and 1 week aged samples and 1.6 mM propionate
and 0.2 mM acetate in the 1 month aged sample. Subsequent addition
of 30 mM nitrate resulted in the almost immediate consumption of
the remaining VFAs (Figs. 4, S2). Ion chromatography conﬁrmed that ni-
trate concentrations remained between 20 and 30mMin these samples,
indicating slow rates of reduction, probably due to the lack of residual
electron donor. In the longer-aged samples no residual electron donors
as VFAs were detected, but despite this, slow rates of nitrate reduction
and nitrite accumulation were observed and U(IV) was reoxidised.
This is in contrast to other studies which found that both nitrate and
electron donor were required to reoxidise U(IV) (Istok et al., 2004;
Senko et al., 2005a).
These nitrate reoxidation experiments have revealed the crucial role
that residual electron donor levels can play in mediating U(IV)
remobilisation. When electron donors were present, the addition of ni-
trate lead to the partial oxidative remobilisation of microbially reduced
U(IV) to aqueous U(VI), presumably mediated abiotically via denitriﬁ-
cation intermediates such as NO2− (Senko et al., 2002), coupled to the
consumption of electron donor. Fe(II) was not oxidised when residual
electron donor was present, indicating that U(IV) was preferentially
reoxidised by denitriﬁcation intermediates under these conditions.
Fig. 4. Changes in geochemistry following addition of nitrate at Day 96 and after 1month, 4months and 18months ageing. Results for 1week ageingwere very similar to Day 96 so are not
shown. Fe(II) reported as a percentage of total bioavailable Fe determined by the ferrozine assay. VFAs (volatile fatty acids) detected were lactate, propionate and acetate. Nitrate and
nitrite ﬁgures are provided at 10× magniﬁcation in the Supplementary material Fig. S2. Each point represents the average of three replicates with error bars ± 1 standard deviation.
Fig. 5. Electron donor consumption during stimulatedmicrobial reduction and subsequent
ageing. Electron donor levelswere calculated as the sumof acetate, lactate and propionate
expressed as electron equivalents. Each point represents the mean of three or ﬁve mea-
surements with error bars ± 1 standard deviation, except days 15, 28 and 56 for which
only one measurement was made.
Table 3
Energy balance assessment.
Electron donors eeq/mol Measured on Day 0 (eeq/l)
Acetate 8 2.98 × 10−2
Lactate 12 5.12 × 10−2
Propionate 14 0
Total electron donor 8.11 × 10−2
Electron acceptors eeq/mol Measured use during
bioreduction
Day 0–Day 96 (eeq/l)
N(V)O3− to N2 (0) 5 1.70 × 10−3
Fe(III) to Fe(II) 1 2.95 × 10−3
U(VI) to U(IV) 2 8.60 × 10−3
SO42− (VI) to H2S (-II) 8 3.28 × 10−3
Total electron acceptor 8.02 × 10−3
Electrons accepted during bioreduction
phase as % available from donor
(5 mM lactate, 5 mM acetate).
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131L. Newsome et al. / Chemical Geology 409 (2015) 125–135The observed increase in U(VI) in solutionwas transient, as subsequent-
ly the microbial community re-reduced the U(VI), removing it from so-
lution. This implies that the presence of residual electron donor can
prevent overall remobilisation of U(IV), by providing sufﬁcient reducing
equivalents for themicrobial community tomitigate the increase in elec-
tron acceptor availability. When the electron donor was depleted, either
from consumption during sediment ageing (via e.g. methanogenesis) or
by adding a considerable excess of nitrate, two thirds of the microbially-
reduced U(IV) was remobilised to solution, together with essentially
complete Fe(II) oxidation. This effect was observed for both the
shorter- and longer-aged samples, again suggesting that the suscepti-
bility of microbially-reduced U(IV) to oxidative remobilisation did not
change with time. Given the protective effect of residual electron
donor on U(IV) remobilisation, this implies that previous studies on
nitrate-induced U(IV) reoxidation in sediments could have artefacts
linked to residual electron donor levels, rather than being directly relat-
ed to the stability of biogenic U(IV) to nitrate reoxidation. Interestingly,
in excess nitrate systems U was partially recalcitrant to reoxidation by
nitrate and this warrants further work.
Our results highlight the importance of electron donor concentra-
tions in protecting microbially-reduced U(IV) from reoxidation. This
has previously been proposed to explain modest reoxidation rates of
microbially-reduced U(IV) in sediment columns compared with similar
experiments conducted with much lower concentrations of electron
donor (Sharp et al., 2011), although the electron donor was not quanti-
ﬁed, nor the dynamics of U(IV) oxidation explored. An analogue of this
process can be found at the US Department of Energy (DOE) Riﬂe site.
The heterogeneous presence of indigenous organic matter in
naturally-reducing sediments stimulates microbial reduction of U(VI),
and so retards its mobility in groundwater in these areas of the site
(Campbell et al., 2012). By contrast, in locations where sediments con-
tain little organic carbon, U(VI) concentrations in groundwaters remain
high. Furthermore our results corroborate with ﬁndings from biostimu-
lation ﬁeld trials, in which the continued supply of electron donor was
recommended in order to maintain low concentrations of uranium in
groundwater over the long term (Williams et al., 2011; Wu et al.,
2010), although it should be noted that other factors such as the pres-
ence of FeS minerals may play an important role in buffering biogenic
U(IV) from oxidative remobilisation at sites where groundwater is
high in sulphate e.g. Moon et al. (2009). Finally, the presence of
decaying biomass has been suggested to have a protective effect on bio-
genic U(IV) (N'Guessan et al., 2010). Observations of themicrobial com-
munity composition after a period of acetate biostimulation showed a
shift towards bacteria capable of oxidising complex organic matter
such as decaying biomass, as well as Fe(II) and reduced sulphur,
which may have scavenged the low concentrations of oxygen present,
and consequently protected biogenic U(IV) from reoxidation.
3.5. Molecular ecology of nitrate induced biogenic U(IV) reoxidation
Nitrate-induced U(IV) reoxidation is a biotic process, so the fact that
U(IV) and Fe(II) were oxidised both with and without electron donor
present suggests that different bacteria may be responsible for nitrate
reduction and U(IV) reoxidation, for example chemolithoheterotrophs
when electron donor was present and chemolithoautotrophs playing a
role in the aged sediments that lacked organic electron donor. An obli-
gate chemolithoautotroph, Thiobacillus denitriﬁcans, has been observed
to be able to couple the oxidation of U(IV) as uraninite to nitrate reduc-
tion (Beller, 2005). Similarly, anaerobic Fe(II) oxidation coupled to ni-
trate reduction has also been observed with autotrophic bacteria (Li
et al., 2014; Weber et al., 2006).
DNA from the nitrate-induced U(IV) reoxidation experiments was
extracted, ampliﬁed and sequenced at different time points to compare
the microbial community composition when electron donor was being
consumed, to when there was no residual electron donor to stimulate
microbial activity (Table 2). The majority of the bacteria detected ineach sample belonged to the phylum Proteobacteria, and were domi-
nated by Betaproteobacteria (Fig. 6). Bacterial phylogenetic diversity
remained relatively stable at the phylum/class level in the 1 week
aged samples analysed 2 and 49 days after nitrate addition. In the
4 month aged samples, clear shifts in community structure occurred
between 4 and 15 days after nitrate addition, with an increase in
abundance of Beta- and Gammaproteobacteria and a reduction in
Bacteriodetes, Firmicutes and Deltaproteobacteria.
The 1 week aged samples were dominated by anaerobic bacteria in-
volved in the redox cycling of nitrogen, iron and sulphur (Table S1,
Fig. S3). Themost abundant sequenceswere generally from those close-
ly related to knownheterotrophs found in activated sludge treatment or
anaerobic digesters, or species found in contaminated soils. This is con-
sistent with the geochemical results which showed that the residual
electron donor was being consumed coupled to reduction of nitrate
and consequent reoxidation of U(IV) and Fe(II) (presumably via chem-
ical oxidation mediated by the products of microbial nitrate reduction).
After 4 months of ageing and with no electron donor remaining, the
bacterial community had become more diverse and shifted towards a
community that contained a greater abundance of sulphur andmethane
cyclers, including those that are known to denitrify (Table S1, Fig. S3).
Someof themost abundant sequenceswere from species closely related
to heterotrophs found in activated sludge treatment and anaerobic di-
gesters. For example, heterotrophicmethane cycling bacteria closely re-
lated toMethylobacter comprised at least 16% of the detected sequences
ﬁfteen days after nitrate addition.Methylobacter species have been asso-
ciated with denitriﬁcation under anaerobic conditions in previous stud-
ies (Ren et al., 2000) and also have been associated previously with
marine anoxic zones (Lloyd et al., 2006). The increase in the relative
abundance of methane cycling bacteria in the four month aged sample
is perhaps unsurprising given that signiﬁcant quantities of methane
were detected in microcosm headspace, and that the electron equiva-
lent calculations estimated that up to 90% of the added electron donor
may have been consumed by methanogenesis. Future work could in-
volve investigation of archaeal DNA to conﬁrm the presence of
methanogens. In addition, organisms closely related to autotrophic
Thiobacillus and Sulfuritalea species were also prominent in the commu-
nity (comprising at least 12% and 11% of the detected sequences respec-
tively), and again these are known to denitrify. Therefore it seems likely
that the bacterial community in these sampleswas able to oxidise U(IV)
via the generation of nitrate reduction intermediates, through con-
sumption of organic matter, for example derived from biomass, but
also linked to autotrophic metabolism.3.6. Changes in microbially reduced U(IV) at the nanoscale
While it is possible to precipitate nanocrystalline uraninite using
pure cultures of bacteria under carefully controlled laboratory condi-
tions e.g. (Suzuki et al., 2002), under the majority of environmentally-
relevant conditions e.g. when sediments are present, or phosphate is in-
cluded, microbially-reduced U(IV) is precipitated as a non-crystalline
formor “monomeric” form, complexed to biomass e.g. (Bernier-Latmani
et al., 2010). Here we conducted experiments to investigate the specia-
tion of U in microbially reduced sediments aged over 15 months.
In an initial attempt to explore the speciation of U in aged sediments,
wet chemical extractions were performed following the method of
Alessi et al. (2012). However, we were unable to differentiate between
uraninite and monomeric U(IV) in sediments, nor use the extraction
technique to differentiate between U(VI) and monomeric U(IV) pre-
pared using Shewanella oneidensis MR1. Similar issues were reported
by another group using the same approaches to determine solid-phase
U(IV) content (Stoliker et al., 2013) and highlighting the need for direct
spectroscopic characterisation in these complex systems. Therefore X-
ray absorption spectroscopy was conducted on freshly precipitated
microbially reduced U(IV) (after 134 days of incubation where
Fig. 6. Bacterial phylogenetic diversity within microbially-reduced Sellaﬁeld soils after ageing and nitrate-induced U(IV) reoxidation (at the phylum level/class for the Proteobacteria).
Phyla/classes detected at greater than 1% of the bacterial community are illustrated.
Table 4
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the same sediment that had been aged for 4 months and 15 months.
The XANES spectra for these samples were dominated by U(IV) spe-
cies (Figs. 1, S4), and linear combinationﬁttingwith theU(IV) andU(VI)
standards (Opel et al., 2007; Rossberg et al., 2009, 2014) conﬁrmed es-
sentially complete reduction of U(VI), with 100% of the uraniumpresent
as U(IV) in each sample. Initial appraisal of the EXAFS spectra (Fig. S5)
and their Fourier transforms (Fig. 7) clearly indicated progressive
changes in the U-speciation over time. The main peak ﬁtted at around
2.35 Å and attributed to a U–O shell (Table 4), became broader and de-
creased in amplitude as the samples aged (Fig. 7). In addition, peaks
plotted at approximately 2.95 and 3.75 Å (Fig. 7) both increased in am-
plitude with time; the shorter of these distances was attributed to U
bound to carbon or phosphorus in biomass (Boyanov et al., 2011),
while the longer is relevant to the U–U distance in nanouraninite type
environments (Suzuki et al., 2002). These changes conﬁrmed that theFig. 7. Non-phase shift corrected Fourier transform of EXAFS spectra for uranium
amended sediments after ageing. Arrows indicate broadening of the main U–O peak,
and the increasing amplitude of peaks from the contribution of outer shells. The Fourier
transformwasof the k3weighted EXAFS between k 3.0 and 12.0Å−1 using aHanningwin-
dow function. Overlaid EXAFS and XANES spectra are provided as Figs. S5 and S6.bond structure was changing as sample ageing occurs. The models pre-
sented byBoyanov et al. (2011) for U(IV) complexed to carboxyl groups,
U(IV) complexed to phosphoryl groups, and for nanocrystalline urani-
nite were applied to the data; good ﬁts could be obtained for all three
samples using these models (Table 4, Fig. S6). Each spectrum could be
ﬁtted with U(IV) in 8-fold coordination with oxygen, with four O at
U–O distances of 2.30 Å and four O at 2.45 Å, similar to recent work
with samples of biogenic uraninite and non-crystalline U(IV) (Alessi
et al., 2014).
The ﬁts for all three samples were improved by including two
bidentate carbon atoms at U–C distances of around 2.88 Å, and by in-
cluding two monodentate phosphorus atoms at U–P distances of
3.59 Å. This indicates that in each sample the uranium was present asDetails of ﬁnal EXAFS ﬁt parameters for samples taken at the end of bioreduction, after
ageing for four months and ﬁfteen months.
Sample Path N R (Å) σ2 (Å2) ΔE0 (eV) S02 Rd
χ2
R
factor
Not aged Oeq1 4 2.29 (2) 0.008 (3) 1.09 ± 1.63 1.00 68.7 0.008
Oeq2 4 2.44 (4) 0.011 (5)
C 2 2.89 (2) 0.003 (3)a
P 2 3.59 (3) 0.009 (4)
Aged 4 months Oeq1 4 2.31 (2) 0.008 (3) 2.48 ± 1.19 1.00 12.1 0.012
Oeq2 4 2.46 (3) 0.009 (3)
C 2 2.89 (2) 0.003 (2)a
P 2 3.61 (2) 0.009 (3)
U 1 3.84 (5) 0.010 (6)
Aged 15 months Oeq1 4 2.29 (2) 0.007 (2) 1.20 ± 1.30 1.00 54.6 0.007
Oeq2 4 2.45 (2) 0.005 (1)
C 2 2.86 (2) 0.003 (3)a
P 2 3.58 (3) 0.008 (3)
U 1 3.87 (3) 0.005 (3)
N denotes coordination number; R denotes atomic distance; σ2 denotes Debye–Waller
factor; ΔE0 denotes the shift in energy from the calculated Fermi level; S02 denotes the
amplitude factor whichwas ﬁxed to 1.0; Rdχ2 denotes the reducedχ square value; R fac-
tor denotes the “goodness of ﬁt” factor. Numbers in parentheses are the standard devia-
tion on the last decimal place.
a Despite lowDebye–Waller factor for C (andconsequently relativelyhigh errormeaning
it is not guaranteed to be N0), the F-test clearly demonstrated that its inclusion signiﬁcantly
improved the ﬁt (SI Tables S2, S3).
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with biomass, similar to the model of Bargar et al. (2013). The ﬁts for
the four-month and ﬁfteen-month aged samples were both further im-
proved by adding oneuraniumatomat aU–Udistance of approximately
3.85 Å (Fig. S7), indicating that a modest but increasing contribution to
the spectra from nanocrystalline uraninite was occurring with ageing.
By contrast, the un-aged sample (Day 134) showed a ﬁt which was
not signiﬁcantly improved by the addition of a U–U component. Togeth-
er, these data suggest that in these sediments, biogenic U(IV) is initially
precipitated as a non-crystalline or “monomeric” U(IV) form, which
over time becomes more crystalline, partially forming nano-uraninite.
Adding each shell described here improved the ﬁt with a good level of
statistical signiﬁcance as assessed by applying the F test (Tables S2, S3).
Furthermore, to test our hypothesis that changes in the nanoscale
structure of microbially-reduced U(IV) occurred during ageing, we
ﬁxed the Debye–Waller factor to 0.007 and varied the amplitude factor
(SO2) in order to establish a coordination number for U–P, U–C and U–U
(Table S4). Under these conditions, progressive changes in coordination
number were observed, with U–P decreasing from 2.01 to 1.73 and U–C
increasing from2.92 to 3.28. In addition, theU–U contribution fromura-
ninite changed from being not signiﬁcant in the freshly precipitated
sample, to being best ﬁtted with a contribution of 0.90 in the four
month aged sample, then 1.19 in the ﬁfteen month aged sample.
Nano-uraninite has a reported U–U shell occupancy of around 5
(Boyanov et al., 2011; Suzuki et al., 2002) therefore here, a signiﬁcant
proportion of the sample has aged to form nanocrystals, with conse-
quent adjustment in the inner shell coordination environment to
allow for these changes. An occupancy of 1.2 for the ﬁfteen month
aged sample implies that up to 20 to 30% of the U may be present as
nano-uraninite.
Our results indicate that the nanoscale structure of microbially-
reduced U(IV) changed over a period of 15 months from non-
crystalline U(IV) to include a small yet signiﬁcant proportion of nano-
crystalline uraninite. In an abiotic system, ageing of non-crystalline
U(IV) sorbed to magnetite over a 6 month period led to the formation
of nano-uraninite (Latta et al., 2014), offering some precedent for this
type of transformation. One previous study took sediment from a col-
umn emplaced in situ during a biostimulation ﬁeld trial and analysed
it for uranium content at the end of the period of electron donor injec-
tion, then after one year of in situ ageing (Bargar et al., 2013). Wet
chemical extractions found the proportion of uraninite to be similar
both pre- and post-ageing (~25%), and the authors suggested that no
transformation of non-crystalline U(IV) had occurred. Comparison of
the Fourier transforms of their EXAFS spectra appears to show a greater
contribution from U–U in the aged samples compared with the fresh
sample; this is reﬂected in their ﬁts which contain no U–U in the pre-
aged sample, and a U–U contribution of 2.0–2.8 in the aged samples.
However, the results of mass balance calculations lead to this increased
uraninite contribution being attributed to the preferential loss of mono-
meric U(IV) during a ﬂushing step on the of the aged column sediment
and the authors stated that the presence of both abiotic and biotic redox
transition pathways in their system meant that it was not possible to
distinguish the exact mechanism of formation of speciﬁc U(IV) prod-
ucts. In our experiments, no ﬂushing stage was performed during sam-
ple preparation andmass balance calculations showed negligible loss of
U from the system associatedwith the aqueous phase (2.3± 2.1%). This
cannot account for the presence of 20–30% nanouraninite estimated
from our EXAFS results.
In summary, our ﬁtting of the EXAFS spectra demonstrates a pro-
gressive change in the atomic conﬁguration of microbially-reduced
U(IV) over time. To our knowledge this is the ﬁrst time that this effect
has been observed in natural soil systems and has implications over
the longer term. Initially U(IV) was precipitated as a non-crystalline
form, and then aged to form a signiﬁcant fraction of nanocrystalline ura-
ninite. These changes were accompanied by an increased coordination
with carboxyl and a reduced coordination with phosphoryl groups.Interestingly, despite this evidence for an increase in crystallinity,
microbially-reducedU(IV) did not becomemore recalcitrant to reoxida-
tion, with similar rates and extent of reoxidation observed for different
aged samples, once the presence of residual electron donor is taken into
account. Previous work using pure mineral phases also identiﬁed bio-
genic uraninite and non-crystalline U(IV) as similarly susceptible to ox-
idative remobilisation (Cerrato et al., 2013), supporting our ﬁndings in
these contaminated land relevant sediment systems.4. Conclusions
Microbially-reducedU(IV), evenwhen it is aged for 1+ years, is sus-
ceptible to fast reoxidation via oxygen exposure under the conditions
tested. In addition, microbially-reduced U(IV) is partially susceptible
to nitrate reoxidation at concentrations relevant to those reported in
contaminated environments. Residual electron donor prevented overall
remobilisation of U(IV) to some extent, and therefore electron donor
availability is a crucial factor to consider in order to maintain low con-
centrations of uranium in groundwater. Furthermore, the presence of
residual electron donor should be considered when undertaking
remobilisation experiments, as it will protect microbially-precipitated
U(IV) against nitrate-induced reoxidation. Finally, XAS analysis of U
speciation in aged sediments demonstrated that the nanoscale structure
of microbially-reduced U(IV) in these sediments changed over a period
of 15 months to include a contribution from nanocrystalline uraninite.
Despite this change in U speciation with ageing, no increase in recalci-
trance to oxidative remobilisation was observed.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2015.05.016.Acknowledgements
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